Initiation of protein synthesis in HeLa cells has been synchronized by exposure of the cells to fluoride. Double-labeling of such cells for short pulses with 1[5Slmethionine and a tritiated amino acid, followed by Edman degradation of the puromycin-released nascent peptides, has shown that the percent of N-terminal methionine incorporated compared to total incorporation is significantly higher than the value obtained with any of the other amino acids tested. The results suggest that the bulk of the nascent proteins synthesized in vivo by HeLa cells are initiated with methionine.
It is apparent from studies in cell-free systems from ascites tumor cells (1, 2) , rabbit reticulocytes (3-7), calf brain (8) , the protozoan Crithidia fasciculata (9) , and wheat germ (10) (11) (12) , that met-tRNAf can function as an initiator of protein synthesis in eukaryotic cells. The fact that a majority of completed proteins do not contain methionine at the Nterminal position is best explained by the finding that the N-terminal methionyl residue in the nascent peptide is removed by the action of an aminopeptidase at an early stage of chain elongation (4, 6, 13, 14) . However, although it is accepted that methionine can initiate protein synthesis in eukaryotes, and that there are specific initiation factors that recognize met-tRNAf, the question as to whether methionine is the sole, or even the predominant, initiator amino acid for all protein synthesized by the cell is unanswered. In this regard evidence has also been presented that N-acetyl-seryltRNA participates in initiation of the synthesis of f2a histones that have in common the acetylated N-terminal peptide N-acetyl-seryl-glycyl-arginine (15) . In mouse myeloma cells, the N-terminal end of some polyribosome-bound immunoglobin chains and secreted immunoglobins contain glutamic acid, glutamine, or pyrrolidone carboxylic acid (16) . It has been suggested that cyclization of the N-terminal glutamine residue in free or polyribosome-bound peptide chains leads to the formation of pyrrolidone carboxylic acid, which has been found in the N-terminal position of several proteins.
In this paper, we have attempted to study the in vivo initiation of total added to final concentrations of 10 mM and 0.4%, respectively. The cells were homogenized in a Dounce homogenizer and, after centrifugation at 10,000 X g for 20 min, the postmitochondrial supernatant was centrifuged at 265,000 X g for 7 hr. The polysome pellet was washed in 9 ml of washing buffer containing 0.25 M sucrose-10 mM Tris * HCl (pH 7.0)-10 mM MgCl2 and centrifuged at 265,000 X g overnight. by incubation of the polysomes at 370 for 25 min in 1 ml of buffer containing 2 mM puromycin-0.25 M NH4Cl-4 mM MgCl2-20 mM Tris -HCl (pH 7.0)-2 mM GTP-1 mM 2-mercaptoethanol. After centrifugation at 100,000 X g for 30 min, an aliquot of the clear supernatant containing the puromycin peptides was treated with cold 5% Cl3CCOOH and the precipitate was assayed for radioactivity (total incorporation). A second aliquot was used for N-terminal analysis by the procedure described below. Radioactive assays were performed with the counting fluid described by Bray (18) in a Beckman LS-250 liquid scintillation counter. Edman Degradation of the Puromycin-Released Nascent Peptide. A micro procedure (19, 20) was modified as follows. A 0.4-ml aliquot containing puromycin-released peptides was incubated with 0.04 ml of 1 N NaOH for 1 hr at room temperature. The peptides were precipitated by addition of 0.02 ml of 100% Cl3CCOOH, followed by addition of 4 ml of 5% Clr CCOOH, and collected by centrifugation. The pellet was washed twice with 4 ml of 5% Cl3CCOOH, and dried by washing with 4 ml of ethyl alcohol-ether 1:1 and finally with 4 ml of ether (21) . The dried peptides were oxidized by incubation in 0.3 ml of 5% performic acid at 00 for 2 hr; the dissolved peptides were precipitated again with 1.5 ml of 10% Cl,3CCOOH and 4 ml of 5% Cl,3CCOOH and washed and dried as before. The oxidized peptides were dissolved in 0.2 ml of water and 0.4 ml of 7% phenylisothiocyanate in pyridine was added. The resulting single-phase mixture was incubated overnight at room temperature, and, after the addition of 0.3 ml of water, pyridine and excess phenylisothiocyanate were removed by four extractions, each with 4 ml of benzene. A portion of the aqueous solution was chromatographed on Whatman 3 MM paper and served as a control before acid hydrolysis. The rest of the aqueous solution was evaporated to dryness and 0.4 ml of acetic acid saturated with anhydrous hydrogen chloride was added. After 1.5 hr at room temperature, the acid was removed under reduced pressure. The residue was dissolved in 30% aqueous pyridine and subjected to descending chromatography with n-butyl alcohol-water-acetic acid 4: 5: 1 or n-heptane-n-butyl alcohol-75% formic acid 40:30:9.
Appropriate phenylthiohydrontoin amino acids and radioactive amino acids were also chromatographed as controls. Paper strips (1.5-cm) were counted for radioactivity in a toluene omnifluor solution in a Beckman LS-250 liquid scintillation counter.
The above procedure including the alkaline hydrolysis and performic acid oxidation steps could be used for the analysis of any N-terminal amino acid. The alkaline hydrolysis step was initially added to insure release of any amino acids that might be present as aminoacyl-tRNA. However, when these steps were omitted essentially similar results were obtained.
RESULTS
In vitro studies on the initiation of protein synthesis in eukaryotes (1-12) have indicated that methionine is an initiator of protein synthesis. However, the extent to which methionine initiates synthesis is not clear. It would be expected that the nascent peptides synthesized in vivo should contain a significantly higher percent of methionine, or any initiator amino acid, at the N-terminal position, as compared to other amino acids. Another way of examining this would be to determine, after a brief period of pulse labeling, the percent of each amino acid present in the N-terminal position, compared to total incorporation of that amino acid. At any early time after the pulse a high value of (amino acid in N-terminal position/total incorporation) should be obtained for the initiator amino acid. This value would be expected to decrease as the peptide chain is elongated for two reasons: (a) the number of residues incorporated internally would increase with no change at the N-terminal position and (b) because the N-terminal amino acid might be released due to absence of KF, the N-terminal/total values range between 8 and 15% for methionine and 3-5% for phenylalanine. However, a striking effect of fluoride is seen on the percent of methionine that appears at the N-terminus. A 1-min pulse gave an N-terminal/total value of 28%, gradually dropping to 12% during a 5-min pulse. Values for phenylalanine remained at a constant value of 5% during the course of the experiment ( Table 1) .
The effect of KF on the incorporation of [35S]methionine into puromycin-released peptides was investigated further. As seen in Fig. 1 , the rate of incorporation of methionine into puromycin-releasable peptide is decreased about 50% by KF. However, as described above, cells first treated with fluoride show a high value (34%) for N-terminal/total methionine during a short pulse, that gradually drops to about 12% by 5 min. Control cells show a constant value of 12-15% for N-terminal/total methionine during the course of the experiment. It appears from Fig. 1 and Table 1 that exposure of the cells to KF, followed by removal of the inhibitor, synchronizes cells at a preinitiation stage. Under these conditions, the time course of methionine incorporation into the N-terminal position of the newly initiated nascent peptides was consistent with the view that methionine was an initiator amino acid.
This procedure was used to examine whether any other amino acid would give the same results as obtained with methionine in Fig. 1 Fig. 2 shows the results obtained when HeLa cells (KFtreated) were pulsed with methionine in the presence of either phenylalanine, valine, serine, or glutamic acid. In these experiments the percent of N-terminal/total methionine at the 2-min pulse ranged between 25 and 35%, and in all the experiments the value rapidly dropped to between 10 and 15% by 5 min. In contrast, none of the other amino acids tested in Fig.  2 showed a similar incorporation pattern. The percent of serine N-terminal/total started low, but increased to over 10% by 3-4 min, indicating that a rather high percent of serine may be at the N-terminal position of completed proteins. It should be noted that although the rates of incorporation of methionine, valine, and phenylalanine into total peptide were about the same, low incorporation of serine and glutamate were obtained in KF-treated cells. This observation has not been explained, but should not interfere with the interpretation of the results.
Extrapolation of the percent N-terminal/total amino acid to zero time of pulse ( Figs. 1 and 2 ) in the nascent peptides of fluoride-treated cells gave values that ranged between 34 and 44% N-terminal/total for methionine and 0-5% for phenylalanine, valine, serine, and glutamic acid.
Since a 2-min pulse appeared to show a significant difference between methionine and the other amino acids tested, a series of amino acids were compared with methionine at this early time (Table 2) . In all cases, more methionine was released from the polysome after 2 min, as compared to other amino acids, and the percent of (N-terminal methionine/total methionine) in the nascent peptides was significantly higher (26-35%) , as compared to the other amino acids (2-8%). Proc. Nat. Acad. Sci. USA 69 (1972) Biochemistry: Chatterjee-et al. 
DISCUSSION
Considerable progress has been made in understanding the mechanism of initiation of protein synthesis (see reviews, refs. 27 and 28). Studies in Escherichia coli and other microorganisms have shown that the formylated species of met-tRNA is the initiator tRNA in prokaryotes. The role of methionine in initiation in eukaryotes was suspected from in vitro studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and from studies of initiator mutants in yeast (29) . (24, 30) . Methionine has also been found at the N-terminus of nascent protamine synthesized by cell suspensions of trout testis (31) . In all these cases, it has been proposed that methionine is cleaved at an early stage of chain elongation (4, 6, 13, 32) . Although in some special cases, it appears that protein synthesis can be initiated with amino acids like serine (15) and glutamic acid (16) , the present results in cultures of eukaryotic cells that synthesize heterogeneous proteins strongly suggest that the bulk of nascent proteins contain methionine in the N-terminus. These results agree with the binding studies of various animal aminoacyl-tRNAs to calf-brain ribosomes in the presence of brain initiation factor Ml and different synthetic messengers (8) . In these in vitro experiments, significant aminoacyl-tRNA binding could be obtained only with met-tRNAf.
Finally, the exposure of cells to KF, as described in the present experiments, may be a useful method for the in vivo study of protein initiation in other eukaryotic cells.
